Neuromodulation imposes powerful control over brain function, and cAMP-dependent protein kinase (PKA) is a central downstream mediator of multiple neuromodulators. Although genetically encoded PKA sensors have been developed, single-cell imaging of PKA activity in living mice has not been established. Here, we used two-photon fluorescence lifetime imaging microscopy (2pFLIM) to visualize genetically encoded PKA sensors in response to the neuromodulators norepinephrine and dopamine. We screened available PKA sensors for 2pFLIM and further developed a variant (named tAKARa) with increased sensitivity and a broadened dynamic range. This sensor allowed detection of PKA activation by norepinephrine at physiologically relevant concentrations and kinetics, and by optogenetically released dopamine. In vivo longitudinal 2pFLIM imaging of tAKARa tracked bidirectional PKA activities in individual neurons in awake mice and revealed neuromodulatory PKA events that were associated with wakefulness, pharmacological manipulation, and locomotion. This new sensor combined with 2pFLIM will enable interrogation of neuromodulation-induced PKA signaling in awake animals.
INTRODUCTION
Neuromodulation plays a critical role in many aspects of animal behavior, including arousal, stress, attention, and reward (AstonJones and Cohen, 2005; Greengard, 2001; Johansen et al., 2011; Petersen and Posner, 2012; Schultz, 2006; Sun et al., 2015) . At the cellular level, many neuromodulators activate G protein-coupled receptors to trigger intracellular signaling events, thereby imposing powerful control over the excitability and plasticity of individual neurons. Despite their important functions, it remains challenging to monitor neuromodulators and their downstream signaling pathways with single-cell or subcellular resolution, especially in vivo.
Microdialysis (Zhang and Beyer, 2006) and fast-scan cyclic voltammetry (FSCV) (Rodeberg et al., 2017) have been applied in vivo to measure the extracellular concentrations of certain neuromodulators; but analysis at the single neuron level is not possible. At the same time, individual neurons may express distinct subtypes or levels of neuromodulator receptors and exhibit unique intracellular signaling dynamics in response to the same extracellular concentration of a neuromodulator. Monitoring subcellular signaling events on a cell-by-cell basis is essential for dissecting the function of neuromodulation in animal behavior.
Several key neuromodulators, including norepinephrine (NE), dopamine, serotonin, and acetylcholine, converge onto the intracellular cAMP/protein kinase A (PKA) pathway via activation of their corresponding G protein-coupled receptors (Beaulieu and Gainetdinov, 2011; Chen et al., 2017; Francis and Corbin, 1994; Greengard, 2001; Millan et al., 2008; Pierce et al., 2002) . In turn, PKA regulates diverse functions in neurons, including gene transcription, protein trafficking, protein degradation, neuronal excitability, and synaptic plasticity (Brandon et al., 1997; Choi et al., 2002; Frey et al., 1993; Goldsmith and Abrams, 1992; Greenberg et al., 1987; Impey and Goodman, 2001; Kwon and Sabatini, 2011; Pedarzani and Storm, 1993; Weisskopf et al., 1994; Yasuda et al., 2003) . Monitoring the activity of the PKA pathway in individual neurons, therefore, may serve as readout for neuromodulatory events in the same way that calcium imaging is used to report neuronal electrical activity.
A genetically encoded sensor for PKA activity, namely A-kinase activity reporter (AKAR) that is based on Fö rster resonance energy transfer (FRET) was introduced in 2001 (Zhang et al., 2001) , followed by a series of improved variants (Allen and Zhang, 2006; Depry et al., 2011; Komatsu et al., 2011; Zhang et al., 2005) . The early sensors were developed for two-color ratiometric imaging methods using conventional microscopes. Recently, the use of two-photon fluorescence lifetime imaging microscopy (2pFLIM) has offered advantages for high-resolution imaging of FRET in light-scattering brain tissue (e.g., Figure S1 ) (Yasuda, 2006; Yasuda et al., 2006; Yellen and Mongeon, 2015) . Several AKAR variants for 2pFLIM have also been generated (Chen et al., 2014; Tang and Yasuda, 2017; Tillo et al., 2017) ; however, it remains unknown how these recently developed sensors perform relative to one another. Moreover, although AKAR sensors have been used in vitro (e.g., Chen et al., 2017; Dodge-Kafka et al., 2005; Dunn et al., 2006; Tang and Yasuda, 2017; Tillo et al., 2017; Yapo et al., 2017) , and in a few in vivo photometric experiments Yamaguchi et al., 2015) , there has been no report to date of successful imaging of PKA activity in individual neurons in awake mice.
Here, we compared several recently developed 2pFLIM AKARs in response to norepinephrine in cultured hippocampal slices. We further developed an AKAR variant, named targeted AKAR a (tAKARa), which has a 2.7-fold greater response amplitude to norepinephrine, by targeting the best available sensors to subcellular components where PKA is enriched (Scott and Pawson, 2009; Zhong et al., 2009) . tAKARa reliably detected norepinephrine at concentrations as low as 10 nM with a sensitivity (K 1/2 $20 nM) and kinetics in alignment with noradrenergic regulation of the slow afterhyperpolarization (sAHP) in CA1 neurons Nicoll, 1986a, 1986b) . tAKARa also readily detected optogenetically released endogenous dopamine in the striatum. Using this sensor, we found that PKA responses were cell-type-specific in both the hippocampus and cortex. By integrating 2pFLIM capability with in vivo two-photon microscopy, we were able to longitudinally image bidirectional PKA activity in awake, head-fixed mice with single-neuron resolution. We found that cortical neurons exhibited wakefulness-dependent PKA activity associated with the noradrenergic pathway. Enforced locomotion elicited PKA activity in a cellspecific and brain region-specific manner. Overall, this study paves the way for interrogations of cellular responses to neuromodulation in vivo. In addition, the strategy of sensor localization may be employed to improve other signaling indicators.
RESULTS

FLIM-AKAR Exhibits the Largest Response Amplitude to
Norepinephrine among Available Sensors 2pFLIM measures the fluorescence lifetime of the donor fluorophore of a FRET pair and has advantages for imaging in brain tissue over conventional FRET measurements, such as the ratiometric method (i.e., comparing the relative fluorescence of the donor and acceptor of a FRET pair). For example, the fluorescence ratio of a single fluorophore split into two color channels changes when imaging deeper into brain tissue due to wavelength-dependent light scattering ( Figure S1 ). In contrast, because 2pFLIM involves only one color channel, measurements are stable at different depths ( Figure S1 ).
Several variants of AKARs for 2pFLIM have been reported, namely AKAR5, AKAR5 0 , FLIM-AKAR, and AKARet (Chen et al., 2014; Tang and Yasuda, 2017; Tillo et al., 2017) . These sensors all share similar overall domain designs ( Figure 1A ) and all use EGFP as the donor fluorophore ( Figure 1B ). When the sensor is phosphorylated by PKA, the forkhead-associated domain 1 (FHA1) binds to the phosphorylated substrate, bringing EGFP close to the acceptor fluorophore such that FRET increases and the lifetime of EGFP decreases. These AKAR variants differ in terms of their acceptor fluorophores (sREACh, a low-irradiant yellow fluorescent protein [Murakoshi et al., 2008] , its circularpermutated variant [Chen et al., 2014; Tillo et al., 2017] , or sREAChet, an sREACh variant with enhanced inter-fluorophore affinity [Tang and Yasuda, 2017] ) and in terms of the linkers connecting the different functional sub-domains ( Figure 1B ). To compare these sensors, they were individually expressed along with a cytosolic marker, mCherry, in organotypic hippocampal slice cultures via biolistic transfection. 2pFLIM was then used to image the sensors in the apical dendrites of CA1 neurons in response to bath-applied norepinephrine (1 mM), followed by a mixture of the adenylate cyclase agonist forskolin (25 mM) and the phosphodiesterase inhibitor IBMX (50 mM). While we focused on the sensor response to the physiological neuromodulator norepinephrine, treatment with forskolin/IBMX (F + I) revealed the maximal response.
Each sensor exhibited different resting fluorescence lifetimes and response amplitudes to the stimuli ( Figures 1C and S2 ). To compare them quantitatively, we normalized the lifetime response amplitudes to their corresponding baselines (i.e., Dlifetime/lifetime 0 ). This value is inversely related to the square root of the minimal number of photons required to achieve a certain signal-to-noise ratio (see STAR Methods). Thus, a 2-fold increase in Dlifetime/lifetime 0 translates to a 4-fold decrease in the required photon counts. For all current 2pFLIM sensors, norepinephrine triggered approximately 60% of the respective maximal responses induced by forskolin/IBMX ( Figures 1D and 1E ). Among these sensors, FLIM-AKAR exhibited the largest response (Dlifetime/ lifetime 0 = À0.092 ± 0.014 for norepinephrine; and À0.160 ± 0.014 for forskolin/ IBMX), which was nearly 2-fold as large as the next best sensor AKAR5 (Dlifetime/ lifetime 0, NE = À0.048 ± 0.010, p < 0.05 c.f. FLIM-AKAR; Figure 1E ).
FLIM-AKAR differs from AKAR5 0 (the least sensitive sensor) by only an 11-residue deletion at the C terminus of EGFP ( Figure 1A) . However, the same deletion introduced into AKAR5 (construct named AKAR5D; Figure 1B ) did not increase its signal amplitudes (Dlifetime/lifetime 0, NE = À0.053 ± 0.016 for AKAR5D, p > 0.1 c.f. AKAR5). As these 11 residues likely function to link EGFP to the remaining sensor, these observations are consistent with the notion that linkers in a sensor play a highly sensitive role in determining critical response characteristics (Hires et al., 2008) .
Targeting FLIM-AKAR to Microtubules Greatly Enhances Response Amplitude For FLIM-AKAR, a minimum of 120 photons are required to achieve a signal-to-noise ratio of 1 at saturating concentrations of norepinephrine (see STAR Methods). A larger response amplitude would reduce the number of required photons while also making it easier to detect sub-saturating concentrations of norepinephrine, or to make repeated-measurements within the challenging in vivo imaging environment. A hallmark of PKA signaling in neurons is that most PKA is anchored to specific subcellular locations at rest (Scott and Pawson, 2009; Theurkauf and Vallee, 1982) . Once activated, a fraction of the catalytic subunit of PKA is liberated and translocates to the membrane (Tillo et al., 2017) . We hypothesized that, by targeting FLIM-AKAR to the subcellular locations where PKA is enriched, the sensor response could be increased. A series of constructs was generated by fusing FLIM-AKAR with various targeting sequences or proteins (named targeted AKARs, or tAKARs). Each construct was designed for a different subcellular target: microtubule (tAKARa), membrane (tAKARg), actin (tAKARd), filamentous actin (tAKARε), or postsynaptic density (tAKARz) (Figure 2A ). To minimize sensor signals in the nucleus, which exhibited properties different from sensor signals in the cytosol (data not shown; see also Chen et al., 2014) , we also generated a cytosol-only sensor by fusing it to a nuclear export signal (NES; sensor named tAKARb). All of these tAKARs were expressed well in CA1 neurons and exhibited the subcellular distributions expected for their respective targeting motifs ( Figures 2B and S3A) .
The Dlifetime/lifetime 0 response amplitudes of these tAKARs were compared. Tagging the sensor with NES (i.e., tAKARb), which prevented the sensor from entering the nucleus (Figure S3A) , did not significantly alter the response amplitudes to norepinephrine or forskolin/IBMX ( Figures 2C and 2D ). In contrast, targeting to the microtubule (tAKARa) by fusing the sensor to the microtubule binding domain of MAP2c (Hedrick et al., 2016; Zhong et al., 2009) increased the response to norepinephrine by 2.7-fold (Dlifetime/lifetime 0 = À0.250 ± 0.017 for tAKARa, p < 0.001 c.f. FLIM-AKAR or any other tAKARs) (Figures 2C and 2D) . This increase reflects a combination of increased dynamic range (i.e., the maximal response amplitude; Dlifetime/lifetime 0, F + I = À0.263 ± 0.014 for tAKARa, p < 0.001 c.f. FLIM-AKAR or any other tAKARs) and sensitivity (i.e., the saturating norepinephrine response shifting closer to the maximal response; norepinephrine to forskolin/IBMX response ratio = 95% for tAKARa, c.f. 58% for FLIM-AKAR). Notably, targeting AKAR4, a different AKAR designed for ratiometric FRET measurements (Depry et al., 2011) , to the microtubule (construct named tAKAR4a), also enhanced the FRET response to norepinephrine by 4-fold (DRatio/Ratio 0, NE = 0.071 ± 0.016 for AKAR4 compared to 0.293 ± 0.051 for tAKAR4a, p < 0.01; Figures  S3C-S3E ), suggesting that the subcellular targeting strategy can be generalized to other PKA sensors.
Targeting FLIM-AKAR to the actin cytoskeleton (tAKARd and tAKARε) or to the postsynaptic density (tAKARz) did not lead to larger response amplitudes. In addition, although we recently showed that PKA catalytic subunits will become enriched on the membrane upon activation (Tillo et al., 2017) , targeting the sensor to the membrane (tAKARg) did not result in a larger response amplitude. This may be because the sensor was already activated by basal PKA activity, as suggested by its notably lower lifetime at rest ( Figure S3B ).
tAKARa Detects Physiologically Relevant PKA Signaling Events tAKARa, with its enhanced sensitivity, may become the next generation sensor for visualizing PKA. We therefore examined whether its signal was physiologically relevant. The response of tAKARa to norepinephrine was completely eliminated when the PKA phosphorylation site was mutated (tAKARa-T391A; Figure 3A) . Moreover, the response to norepinephrine was reversible ( Figure 3B ). It was completely blocked by the b-adrenergic receptor antagonist propranolol (1 mM) and was significantly reduced (74% reduction, p < 0.001) with the PKA antagonist H89 (20 mM) ( Figure 3B ). These results indicate that tAKARa reports PKA phosphorylation events triggered by norepinephrine via b-adrenergic receptors.
We next asked whether the sensitivity of tAKARa to norepinephrine was within a physiologically relevant range. First, a dose-response curve of tAKARa was constructed by normalizing the 2pFLIM response to different concentrations of norepinephrine to the maximal response induced by forskolin/IBMX ( Figures 3C and 3D ) in CA1 neurons. A concentration as low as 10 nM elicited a robust response of tAKARa (normalized response = 0.381 ± 0.085 at 10 nM) ( Figures 3C and 3D) , and the half-maximal response concentration (K 1/2 ) was determined to be 17 ± 10 nM (95% confidence level of fitting). Second, the sensitivity of noradrenergic regulation of a physiological function was measured. Norepinephrine activates PKA via b-adrenergic receptors in CA1 neurons to inhibit sAHP, which in turn influences neuronal excitability Nicoll, 1986a, 1986b) . Whole-cell current-clamp recordings were used to measure the sAHP in CA1 neurons triggered by a 40 Hz train of 10 back-propagating action potentials. The sAHP was stable under control conditions but decreased in a dose-dependent manner upon application of increasing concentrations of norepinephrine ( Figures 3E and S4A ). Fitting the dose-response curve gave a K 1/2 value of 21 ± 6 nM (95% confidence level; Figures 3E  and 3F ), resembling the sensitivity of tAKARa ( Figure 3D ).
We next examined whether the sensor response kinetics were physiologically relevant by using iontophoresis to apply a short pulse (10 s long) of norepinephrine to CA1 neuronal dendrites expressing tAKARa ( Figure 3G ). The rising and recovery phases of the sensor response were fit individually with single exponentials (Figures 3H and 3I) . A 0.63 ± 0.11 min on kinetics and a 6.75 ± 2.4 min off kinetics were determined. These numbers represented the upper boundary of the sensor kinetics, as they included the time needed for norepinephrine to diffuse in and out of brain slices. To evaluate whether the tAKARa kinetics reflected physiological PKA signaling events, we compared tAKARa and sAHP responses under the same conditions to a short-duration (3 min) bath application of norepinephrine (0.5 mM), followed by washing in the presence of propranolol (10 mM). For both sAHP and tAKARa, the responses were kinetically similar (t off = 6.5 ± 1.9 for sAHP and 7.0 ± 0.5 for tAKARa, p > 0.1; Figures 3J and 3K) .
Importantly, neurons expressing tAKARa did not exhibit altered resting membrane potential ( Figure S4B ) or altered sAHP amplitude ( Figure S4C ). The action potential frequency elicited by current injection, another neuronal property known to be regulated by norepinephrine in a cAMP-dependent manner Nicoll, 1986a, 1986b) , was also unchanged in neurons expressing tAKARa ( Figure S4D ). In addition, tAKARa expression did not alter the sensitivity of sAHP to a sub-saturating concentration (30 nM) of norepinephrine ( Figure S4E ). Thus, tAKARa expression does not appear to alter PKA regulation of neuronal function. Overall, these results indicate that tAKARa detects physiologically relevant PKA activity triggered by norepinephrine activation of b-adrenergic receptors.
tAKARa Excels in Multiple Neuronal Subtypes
The above sensor development and characterizations were carried out in CA1 neurons. To test whether tAKARa also performs well in other neuronal subtypes, we compared tAKARa, tAKARb, and tAKARg in CA3 neurons in slice cultures. For both tAKARa and tAKARb, the responses to norepinephrine were much smaller in CA3 neurons compared to CA1 neurons (Dlifetime/ lifetime 0, NE = À0.087 ± 0.025 for tAKARa, and À0.023 ± 0.017 for tAKARb, p < 0.001 c.f. the corresponding values in CA1 neurons) ( Figure S5A ), suggesting that norepinephrine triggers lower PKA activation in CA3 neurons. However, the response amplitude of tAKARa remained much greater than that of tAKARb (3.7 fold, p < 0.001) (Figures 4A and 4B) .
The response amplitude of tAKARg to norepinephrine did not decrease in CA3 neurons compared to CA1 neurons (Dlifetime/ lifetime 0, NE = À0.105 ± 0.017 for tAKARg in CA3; Figure S5A ) and became 4.5-fold larger than that of tAKARb in CA3 neurons (p < 0.001) (Figures 4A and 4B) . This result confirms the earlier notion that in CA1 neurons, where overall PKA activity is higher, tAKARg may have been largely phosphorylated at rest, resulting in a smaller dynamic range.
Next, tAKARa and tAKARb were compared in layer 2/3 (L23) pyramidal neurons of the mouse somatosensory cortex in acute brain slices transfected by in utero electroporation. At postnatal days 18-22, both sensors were expressed robustly (Figures S5B and S5C) . Consistent with the results in hippocampal slice cultures, tAKARa exhibited much larger response amplitudes to norepinephrine compared to tAKARb (Dlifetime/lifetime 0, NE = À0.235 ± 0.013 for tAKARa, and À0.131 ± 0.008 for tAKARb, p < 0.001; Figures 4C and 4D ). Overall, these results indicate a much improved sensitivity of tAKARa for detecting norepinephrine across multiple neuronal subtypes.
Different Neuronal Subtypes Exhibit Distinct PKA Responses to Norepinephrine
Genetically encoded PKA sensors hold the promise of dissecting cell-type-specific subcellular response to a given neuromodulatory stimulus. Since norepinephrine induced much smaller PKA responses in CA3 neurons than in CA1 neurons (Figures 3A and 3B) , it was of interest to also examine cell-type-specific PKA responses in the cortex. Recombinant adeno-associated virus serotype 2/1 (Mao et al., 2011) was injected into the somatosensory cortex of PV-IRES-Cre;Ai9 double heterozygous mice (Hippenmeyer et al., 2005; Madisen et al., 2010) to express tAKARa under the control of the human synapsin promoter (AAV2/1-hSyn-tAKARa) in all neurons. The sensor was expressed well after approximately 2 weeks ( Figures S5D-S5F ). In addition, parvalbumin (PV)-positive interneurons in these mice were readily identified by their expression of the red fluorescent protein tdTomato as a result of the genetic background ( Figure S5F ).
The PKA responses in L23 and layer 5 (L5) pyramidal neurons and in PV-positive interneurons were measured in acute brain slices. Virally infected L23 neurons and L5 neurons exhibited similar response amplitudes compared to those of L23 neurons transfected by in utero electroporation in acute brain slices, or of CA1 neurons in cultured hippocampal slices ( Figures 4E and 4F ), suggesting that gene delivery methods do not affect the sensor's ability to detect PKA dynamics. Interestingly, the response amplitudes of PV-positive interneurons to both norepinephrine and forskolin/IBMX were smaller than those of CA1, L23, and L5 pyramidal neurons ( Figure 4F ). These results suggest that, while PKA is activated by norepinephrine in all of the examined neuronal subtypes, the activation magnitude may be a celltype-specific property.
tAKARa Readily Detects PKA Activation by Dopamine in Striatal Neurons Another major neuromodulator, dopamine, also couples to the PKA pathway. We asked whether tAKARa can detect dopamine in striatal neurons. tAKARa was expressed in the mouse striatum via AAV injection and was subsequently imaged in acute brain slices (2-4 weeks post injection). Fifty percent of striatal neurons (10 out of 20) responded to bath-applied dopamine (100 mM; Figures 5A-5C), consistent with the notion that approximately half of striatal projection neurons express the D1-type dopamine receptor, which activates PKA. When analyzing only the responding cells, the Dlifetime/lifetime 0 response of tAKARa was 0.17 ± 0.02 for dopamine and 0.22 ± 0.01 for forskolin/IBMX. The dopamine response was nearly completely abolished by the D1 antagonist SCH23390 (Dlifetime/lifetime 0 = 0.03 ± 0.01 after drug, p < 0.001 c.f. paired control; Figure 5D ), but not by the D2 dopamine receptor antagonist sulpiride (Dlifetime/ lifetime 0 = 0.20 ± 0.02 after drug, p = 0.1 c.f. paired control; Figure 5D ). We next asked whether tAKARa is sensitive enough to detect endogenous dopamine release using optogenetic experiments. tAKARa-expressing AAV was injected into the dorsomedial striatum of DAT-Cre;Ai32 double heterozygous mice in which channelrhodopsin was expressed in dopaminergic neurons (B€ ackman et al., 2006; Madisen et al., 2012) . In acute slices, we stimulated dopaminergic axons in a manner that mimics the phasic activity of dopaminergic axons (Adamantidis et al., 2011; Grace, 1991) by using five trains (one train per second) of light stimuli, with each train consisting of five 1.5-ms pulses at 20 Hz. Robust dopaminergic responses were observed in a fraction of neurons (Dlifetime/lifetime 0 = 0.15 ± 0.01 for the responders; Figures 5E-5G ). The responses were reversible and exhibited an off kinetics of 3.3 ± 0.9 min (Figures 5F and 5H ). The on kinetics were faster than a minute, but their precise determination was not possible due to the limitation of our setup, which required a manual switching step for this experiment. For responding neurons, a second stimulus resulted in a repeated but moderately smaller response (Dlifetime/lifetime 0 = 0.10 ± 0.02 for the second stimulus, p < 0.001 c.f. the first response; Figures 5F and 5I). The reduced amplitude of the second stimulus was likely due to dopamine-dependent inhibition of dopaminergic axons via D2 dopamine receptors (Ford, 2014) , as the reduction was eliminated by application of the D2 dopamine receptor antagonist sulpiride before the second stimulus (Dlifetime/lifetime 0 = 0.14 ± 0.01 and 0.16 ± 0.01 for paired measurements before and after sulpiride, respectively). Application of the D1 dopamine receptor antagonist SCH23390 before the second stimulus completely abolished the response (Dlifetime/ lifetime 0 = 0.13 ± 0.01 and 0.013 ± 0.003 for paired measurements before and after SCH23390, respectively, p < 0.001), indicating that the PKA response is mediated by D1 receptors. Together with our earlier results involving norepinephrine, these data demonstrate that tAKARa can detect multiple neuromodulatory pathways that are coupled to PKA.
In Vivo Imaging of tAKARa Reveals Tonic PKA Activity in Cortical Neurons of Awake Mice Mediated by b-adrenergic Receptors We asked whether tAKARa is sensitive enough for in vivo imaging of PKA. tAKARa was expressed in cortical neurons using either in utero electroporation or AAV injection, and 2pFLIM imaging was carried out on shallow layers of the barrel cortex through a window implemented via craniotomy (verified by intrinsic imaging; Figure S6 ) in head-fixed animals. Individual neurons and their dendrites can be clearly resolved (Video S1 and S2). The same neurons could be repeatedly imaged over weeks ( Figure 6A ). We found that L23 neurons in awake mice showed significantly shorter EGFP lifetimes, i.e., higher PKA activity, compared to L23 neurons imaged in acute brain slices at the resting state (lifetime = 1.73 ± 0.03 for acute slices and 1.52 ± 0.01 for awake mice, p < 0.001; Figure 6B ). This result suggests that a basal level of PKA activity exists in cortical neurons of awake mice.
Wakefulness is known to be associated with increased activity in the noradrenergic pathways (Berridge et al., 2012; Brown et al., 2012; Mitchell and Weinshenker, 2010) , which may result in tonic PKA activities. To test whether the observed basal PKA activity is associated with wakefulness, mice were lightly anesthetized with the general anesthetic isoflurane (1.25% via inhalation) (Figures 6C-6E ). Isoflurane induced a decrease in PKA activity across neurons, as indicated by an increased sensor lifetime (Dlifetime/lifetime 0 = 0.085 ± 0.010, p < 0.001 c.f. baseline; upper panels of Figures 6C and 6D , and the most left bar in Figure 6E ). This effect was reversed when the isoflurane flow was stopped and the animal regained consciousness (upper panels of Figures 6C and 6D) . The response amplitudes of individual neurons were stable between two consecutive trials ( Figure 6F ) and across repeated imaging sessions spanning over 1 month ( Figure 6G) . Importantly, the response amplitude correlated with the basal lifetime in the corresponding neurons, such that neurons with a shorter basal lifetime, i.e., higher basal PKA activities, exhibited larger isoflurane response amplitudes (Figure 6H) . Neurons in other cortical regions also exhibited a similar reduction in PKA activity by isoflurane ( Figure 6I ). Consistent with the results in brain slices, tAKARa gave significantly larger response amplitudes than FLIM-AKAR in both barrel and motor cortices ( Figure 6I) . Results from the visual cortex for tAKARa and from the trunk somatosensory cortex for FLIM-AKAR, while they cannot be directly compared with each other, are also shown to provide a sense of the response amplitudes across multiple brain regions. Using an arbitrary threshold of 1.5 times the standard deviation of baseline, detectible responses were found in 81% of all imaged neurons when tAKARa was used (Figure 6J) ; in contrast, only 37% neurons responded when FLIM-AKAR was used, indicating the necessity of the enhanced signal amplitudes of tAKARa for comprehensive in vivo PKA imaging. Overall, these results indicate that a basal level of PKA activity is present in cortical neurons and is associated with wakefulness.
To test whether the basal PKA activity in awake mice is dependent on the noradrenergic pathway, we applied the b-adrenergic receptor antagonist propranolol to the experimental mice via intraperitoneal injections. A dose-dependent increase in tAKARa lifetime corresponding to a decrease in PKA activity was observed (Dlifetime/lifetime 0 = 0.057 ± 0.006 for 10 mg/kg, and 0.105 ± 0.10 for 25 mg/kg, p < 0.001; lower panels of Figures  6C-6E ). This effect was likely specific because the D1 dopamine receptor antagonist SKF83566 did not alter the basal PKA activity (Dlifetime/lifetime 0 = 0.002 ± 0.002, p > 0.1 c.f. baseline; lower panel of Figure 6D , and Figure 6E ). After propranolol injection, isoflurane exposure resulted in little additional increase in lifetime (Dlifetime/lifetime 0 = 0.022 ± 0.005 after propranolol, p < 0.001 c.f. before propranolol; lower panel of Figure 6D , and second bar from the left in Figure 6E ), suggesting that the isofluraneinduced decrease in PKA activity was due to a decrease in the noradrenergic tone in the cortex. Consistent with this notion, the response amplitudes to isoflurane correlated with those induced by propranolol ( Figure 6K ). These results suggest that the isoflurane-sensitive basal PKA activity is mediated by b-adrenergic receptors, presumably via tonic norepinephrine release in the cortex of awake animals.
tAKARa Tracks Bidirectional PKA Activity We next asked whether tAKARa is capable of detecting a further increase in PKA activity in awake animals. It is known that cortical neurons also express a 2 -adrenergic receptors, which inhibit the cAMP/PKA pathway via G i proteins (Langer, 2015) . We hypothesized that a 2 -and b-adrenergic receptors form a push-pull system to tightly regulate PKA activities. Indeed, inhibition of a 2 -receptors by the antagonist yohimbine (5 mg/kg) resulted in increased PKA activity; in contrast, activation of a 2 -receptors using clonidine (1 mg/kg) decreased the PKA activity to a degree comparable to inhibiting b-adrenergic receptors ( Figures 6L and 6M) . Thus, tAKARa can track bidirectional manipulation of PKA activity by pharmacological reagents.
tAKARa Detects PKA Activity Elicited by Enforced Locomotion We asked whether tAKARa may be used to detect neuromodulation fluctuations during animal behavior. Locomotion has been shown previously to be associated with increased noradrenergic activity in the cortex (Paukert et al., 2014; Polack et al., 2013) . A motorized treadmill was used to control mouse locomotion (Video S3) under the head-fixed configuration during in vivo 2pFLIM imaging. In the motor cortex, a large number of neurons exhibited a decreased tAKARa lifetime, corresponding to increased PKA activity, when the animal was forced to run ( Figures 7A-7C ). The PKA responses to locomotion were reversible and repeatable ( Figure 7B ). Similar responses were also observed in neurons in the visual cortex, but the responses in the barrel cortex were significantly smaller ( Figure 7C ), indicating that this locomotion-induced response is brain region specific.
Different neurons in the same field of view of the motor cortex responded with different amplitudes and kinetic characteristics, although the responses among different trials of the same neurons appeared to be similar ( Figure 7D ). To characterize this objectively, for a subset of neurons with repeated trials (29 neurons, 2-8 trials per neuron with a mean ± SD of 5.4 ± 3.8 trials per neuron), we calculated the correlation coefficient within the neuron and across neurons ( Figure 7E ). On average, the correlation coefficients within a neuron were significantly higher than those across neurons (correlation coefficient = 0.31 ± 0.02 and 0.19 ± 0.01 for within and across neurons, respectively, p < 0.001). To categorize the neuronal responses across neurons, we averaged all trials for each neuron and performed a cluster analysis ( Figure 7F ). The 29 neurons were clustered into three groups based on the Euclidean distance across traces: (1) 27% (8 out of 29) neurons that had larger response amplitudes, (2) 69% (20) neurons with somewhat smaller response amplitudes, and (3) one neuron that responded with decreased PKA activity. By averaging all neurons within a group ( Figure 7G) , it appeared that, in addition to the amplitudes, the kinetics across the two positively responding groups (group 1 and 2) were also different. The large-responding group had fast on kinetics, whereas the small responders exhibited a response that continued to ramp up over time. Finally, we asked whether the locomotion-induced PKA activity is sensitive to blockade of neuromodulator receptors. We found that both the b-adrenergic receptor antagonist propranolol and the D1 receptor antagonist SKF83566 attenuated the response ( Figure 7H ), although neither completely abolished the response, suggesting that both the noradrenergic and dopaminergic pathways may be involved. In contrast, the D2 receptor antagonist eticlopride did not significantly alter the response amplitude. Overall, these results indicate that tAKARa combined with 2pFLIM can detect PKA dynamics induced by animal behaviors.
DISCUSSION
Despite the importance and pervasiveness of neuromodulation throughout the nervous system, there is as yet no robust method for monitoring the intracellular consequences of neuromodulator release in vivo at single-cell resolution in rodents or other mammalian species. PKA is a central mediator of key neuromodulators in the brain, including norepinephrine, dopamine, acetylcholine, and serotonin. Thus, PKA imaging may serve as readout for neuromodulatory activity, in the same way that calcium imaging does for electrical activities. Applying highresolution PKA imaging to mammalian brain tissue in vivo is challenging because of severe light scattering and light aberration (Denk and Svoboda, 1997; Zipfel et al., 2003) . The ''photon (H) Histogram of time constants during the decaying phase after photostimulation of dopaminergic axons in the DAT;Ai32 double heterozygous background. A single exponential was fitted (orange line) to the decaying phase after the photostimulation response (gray, inset). (I) Quantification of neurons responding to optogenetically induced dopamine releases with or without the addition of the indicated reagents. Data points from the representative images in (E) and traces in (F) are indicated using the corresponding colors. Error bars represent SEM. budget,'' i.e., the number of collectible photons in a given sample, is typically greatly reduced in intact brain tissue. As a result, many imaging approaches that are effective in vitro encounter difficulties in vivo. Although AKARs and other PKA sensors (Nagai et al., 2000; Zaccolo and Pozzan, 2002; Zhang et al., 2018) have been developed, no in vivo application in rodents or other mammals with single-cell resolution has been established. The signal amplitude of tAKARa in response to norepinephrine is 2.7-fold larger than the previous sensors. Thus, tAKARa requires approximately 7-fold less photons (see STAR Methods) to achieve the same signal-to-noise ratio. As demonstrated (Figure 6 and 7) , this improved sensor is sensitive enough for in vivo imaging of bidirectional PKA activity with cellular resolution in awake mice. We found that different neurons or neuronal types may respond differently to the same neuromodulator stimuli (e.g., see Figures 4F and 5C ). During animal behavior, seemingly similar neurons in the cortex may exhibit cell-specific responses (Figure 7) . Thus, imaging PKA signaling events with single-cell resolution will enable a direct and in-depth dissection of the mechanism underlying neuromodulation.
We choose 2pFLIM for in-tissue and in vivo quantification of FRET. FLIM can be implemented onto most existing two-photon microscopes by the modular addition of several hardware components ( Figure S7 ; see also STAR Methods). LT, lifetime; prop., propranolol; isofl., isoflurane; SKF., SKF83566; yohimb., yohimbine. Error bars represent SEM. See also Figure S6 and Videos S1 and S2. In FLIM images, each pixel consists of a fluorescence decay curve of 64 to 256 points. The amount of data is therefore much larger than that of conventional two-photon images. Challenges associated with acquiring and handling such a large amount of data impose practical limits in data acquisition speed and in pixel resolution. On the other hand, 2pFLIM offers great advantages when measuring FRET in vivo. 2pFLIM is readily quantifiable (Yasuda, 2006; Yellen and Mongeon, 2015) and it does not suffer from wavelength-dependent light scattering (e.g., see Figure S1 ), making it possible to compare neurons across different depths, animals, and conditions. These properties enabled us to discover that cortical neurons in awake mice exhibit higher PKA activity than those in acute brain slices ( Figure 6B ). Another advantage is that a low-irradiating fluorescent protein can be used as the acceptor (in our case, cp-sREACh). This frees up one color channel compared to ratiometric sensors. This vacant color channel can then be used to simultaneously image orthogonal neuronal properties. In the current study, we simultaneously imaged the red cytosolic marker tdTomato (e.g., Figure S3A ) to reveal neuronal morphology. In the future, multiplexed imaging of PKA with another subcellular signaling pathway, such as the calcium or PKC pathway (pending the availability of the appropriate sensors), would accelerate the investigation of signaling mechanisms underlying neuromodulation. The strategy that we employed to improve AKAR sensors is to target the sensor to microtubules where PKA activity is enriched. Although sensor targeting has been used to direct the subcellular localization of sensors (e.g., Mao et al., 2008; Tang and Yasuda, 2017) , we show here that it can also be used to enhance the sensitivity and dynamic range of the sensor. This strategy is generalizable to AKAR4 (Figures S3C-S3E) , an AKAR for ratiometric FRET measurements, and should also be applicable to forthcoming generations of PKA activity sensors. Conceptually similar strategies may be applied to sensors for other subcellular signaling events, such as those mediated by PKC. From another perspective, our AKAR targeting results also have their own biological implications with regard to PKA signaling mechanisms in neurons. The enhanced performance of tAKARa supports our previous finding that the abundant microtubule-binding protein MAP2 is the dominant A-kinase anchoring protein (AKAP) in neurons (Zhong et al., 2009 ). The results associated with the membrane-targeted tAKARg, which is largely phosphorylated even at the resting state, are also consistent with the recent finding that once PKA is activated, the catalytic subunit of PKA becomes enriched on the plasma membrane (Tillo et al., 2017) .
Although we favor tAKARa as a general sensor because of its large signal amplitudes, other tAKARs may be useful under certain conditions. One limitation of tAKARa is that it does not label dendritic spines because microtubules are normally absent from spines. Current evidence suggests that PKA activity is not compartmentalized at the level of individual spines (Chen et al., 2014; Tang and Yasuda, 2017) ; therefore, sensors situated at the dendrite should still readily detect PKA signaling events triggered in the adjacent spine. In the event that PKA activity needs to be studied specifically in spines, other spine-localized tAKARs, including tAKARb-z can be used (Figure 2 ). In addition, MAP2 is primarily expressed in neurons (Dehmelt and Halpain, 2005) . It is not clear whether microtubule targeting would also improve PKA sensitivity in non-neuronal cells. In these cases, tAKARb may serve as an alternative, although it generates smaller signal amplitudes. Improved amplitudes may be achieved by targeting the AKAR sensor to the primary PKA anchoring site in the corresponding cell type.
Although tAKARa has a relatively fast on kinetics, its off kinetics is on the order of a few minutes ( Figures 3H, 3K , and 5H). These kinetics are approximately two orders of magnitude slower than those reported for the extracellular concentration fluctuation of synaptically released neuromodulators (Courtney and Ford, 2014; Ford et al., 2009) . However, these kinetics may in fact represent the endogenous dynamic properties of PKA, as they match the biochemically measured cAMP dissociation rate from PKA regulatory subunits (K d $0.15 min -1 ; Francis and Corbin, 1994), and they closely follow the PKA regulation kinetics of sAHP in response to norepinephrine ( Figure 3K ). Slow subcellular signaling kinetics may allow the seemingly fast neuromodulator releases to interact or integrate over a previously unanticipated long separation (several minutes). Such longterm interactions may have a significant impact on neuronal physiology and animal behavior, and may become an interesting future research direction. Using tAKARa combined with 2pFLIM, we found a tonic level of PKA activity present in most cortical neurons of awake mice ( Figure 6 ). This basal PKA activity is dependent on wakefulness, is mediated by b-adrenergic receptors, and is stable over weeks. Wakefulness is thought to be associated with increased activity in the norepinephrine pathway originating from the locus coeruleus (LC) (Berridge et al., 2012; Brown et al., 2012; Carter et al., 2010; Mitchell and Weinshenker, 2010) . A tonic level of norepinephrine may be present in the awake brain (Bellesi et al., 2016; Constantinople and Bruno, 2011; Kalé n et al., 1989) . Our results reveal the cellular consequence of this tonic norepinephrine: it results in a significant level of subcellular cAMP/PKA signaling activity. This may contribute to the differences in brain function between sleep and wakefulness considering that increased PKA activity can enhance neuronal excitability, plasticity, and learning and memory. In addition, we found that the activation and blockade of a 2 receptors using clonidine and yohimbine, respectively, have profound impacts on PKA activities in the cortex. Both of these drugs are widely used in humans. In vivo PKA imaging may contribute to a better understanding of the functions and side effects of these compounds.
Multiple neuromodulators converge onto PKA. Monitoring PKA responses under behavioral paradigms involving different pathways may therefore be used to read out the respective neuromodulatory activities. Mechanistic dissection of the contribution of individual neuromodulatory pathways may be achieved by pharmacological experiments and optogenetic manipulation of specific pathways. For example, we showed that basal PKA activity in cortical neurons of awake mice is sensitive to a blockade of the b-adrenergic receptors, but not to a blockade of the D1 dopamine receptors ( Figure 6E ), suggesting that norepinephrine is the primary tonic neuromodulator under these conditions. In contrast, locomotion-induced PKA activity is sensitive to the blockade of both b-adrenergic receptors and D1 dopamine receptors ( Figure 7H ), suggesting the involvement of both pathways.
Overall, neuromodulation exerts profound impacts on brain function, from the cellular to the behavioral level. Our improved genetically encoded PKA sensor presented here may be used to dissect fundamental mechanisms related to neuromodulatory activities in vitro and in vivo, in a manner analogous to the use of calcium imaging in detecting neuronal electrical activities.
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Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Haining Zhong (zhong@ohsu.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal handling and experimental protocols were performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals, written by the National Research Council (US) Institute for Laboratory Animal Research, and were approved by the Institutional Animal Care and Use Committee (IACUC) of the Oregon Health & Science University (#IP00000420).
Hippocampal Slice Culture and Transfection
Hippocampi were dissected from P6 -P7 rat pups (both sexes) and sectioned to generate 400 mm slices in dissection medium containing (in mM) 1 CaCl 2 , 5 MgCl 2 , 10 glucose, 4 KCl, 26 NaHCO 3 , and 248 sucrose, with the addition of 0.00025% phenol red. The slices were then seeded onto a cell culture insert (Millipore, # PICM0RG50) and cultured at 35 C with 5% CO 2 in medium containing 7.4 g/L MEM (ThermoFisher #11700-077) with the following supplements (in mM unless labeled otherwise): 16.2 NaCl, 2.5 L-Glutamax, 0.58 CaCl 2 , 2 MgSO 4 , 12.9 D-glucose, 5.2 NaHCO 3 , 30 HEPES, 0.075% ascorbic acid, 1 mg/mL insulin, and 20% heat-inactivated horse serum.
For sensor expression, mammalian expression plasmids (with the CMV promoter) were coated onto 1.6 mm gold particles (Bio-Rad #165-2264; $1 mg DNA/mg gold) and were transfected to cultured slices at 2 -3 weeks in vitro using the biolistic method (Bio-Rad Helios gene gun). Cultured slices were imaged or recorded at 2 -4 days post-transfection in a chamber perfused with gassed (with 95% O 2 / 5% CO 2 ) artificial cerebral spinal fluid (ACSF) containing (in mM) 127 NaCl, 25 NaHCO 3 , 25 D-glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 4 CaCl 2 , and 4 MgCl 2 .
For the experiments described in Figures 3J and 3K , the CA1 regions of hippocampal slices were microinjected at one week in vitro with approximately 10 nL of 1:20 diluted adeno-associated virus serotype 2/1 (AAV2/1) in phosphate-buffered saline (PBS). Recordings were performed at 2 -3 weeks post-injection.
Acute Brain Slices
Mice (P18 -P50) with neurons transfected using in utero electroporation or AAV injection were transcardially perfused with ice-cold, gassed ACSF containing 2 mM CaCl 2 and 1 mM MgCl 2 . The brain was then dissected and coronal slices were prepared using a vibratome (Leica VT1200S) in a choline cutting solution (gassed with 95% O 2 / 5% CO 2 ) containing (in mM) 110 choline chloride, 25 NaHCO 3 , 25 D-glucose, 2.5 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 11.5 sodium ascorbate, and 3 sodium pyruvate. The slices were then incubated in gassed ACSF at 35 C for 30 min and subsequently kept at room temperature for up to 8 hr. For experiments involving the striatum (Figure 5 ), brain slices were prepared in gassed warm ACSF (37 C); mice were perfused with ACSF before the brain was dissected and sectioned in ACSF. The slice was incubated in 37 C ACSF for 30 min and subsequently kept at room temperature for up to 6 hr. Animals, Transfections, and Surgeries C57BL/6 mice (Charles River, or home-bred within 5 generations from Charles River breeders) were used. Mice were either transfected via in utero electroporation or by stereotaxic viral injection. In utero electroporation was performed at E16.5 by injecting plasmid (1 mL/embryo, concentration $3 -4 mg/ml, mixed with a 0.2% final concentration of fast green for visualization) into the lateral ventricle of mouse embryos, which were then electroporated with five 100-ms pulses (38V) using an electroporator (BEX #CUY21). Stereotaxic viral injection was performed as previously described (Hunnicutt et al., 2014) at $P21 using a custom-modified David Kopf system. The coordinates were: for the somatosensory cortex, 1 mm posterior to the bregma, 2.6 mm lateral to the midline, and 0.2 mm below the pia; for the motor cortex, 1.2 mm anterior to the bregma, 1.2 mm lateral to the midline, and 0.2 mm below the pia; and for the dorsal medial striatum, 0.95 mm anterior to the bregma, 1.7 mm lateral to the midline, and 3 mm below the bregma. Typically, 20 -50 nL of AAV was injected. With the appropriate parameters (for in utero electroporation, the DNA concentration and the number of pulses used, and for viral infection, the volume injected and the dilution of the virus) and surgery, both transfection techniques can achieve a balanced labeling efficiency that is sparse enough for visualizing individual neurons while still having enough cell density for population imaging.
When in vivo imaging was involved, a glass window was installed on the skull of the mouse at postnatal days 30 -60. Briefly, the open skull surgery was performed under isoflurane anesthesia (4% for induction, and 1.5% -2% for maintenance). After exposure, the skull was cleaned using a Q-tip, and an aluminum plate (for head fixation) was attached to the skull using dental acrylic. A circular ($5.5 mm diameter) craniotomy was then made above the cortical region of interest. Imaging was performed at least two weeks postsurgery under a head-fixed configuration while the animals were awake. The animals were allowed to rest or to move at will on a one-dimensional treadmill, except for during the experiments in Figure 7 . In those experiments, a motorized treadmill was used to control the animal's locomotion. Isoflurane was administered via inhalation, and other pharmacological reagents were administered by intraperitoneal injections.
METHOD DETAILS
Plasmid Constructs Constructs were made using standard mutagenesis and subcloning methods, or by gene synthesis (Genewiz). All previously unpublished constructs, including viral plasmids, and their sequences will be deposited to Addgene.
FLIM-AKAR was generated independently from the published sequence (Chen et al., 2014) by deleting the nucleotides encoding the last 11 residues (G228-K238) of monomeric EGFP in AKAR5 0 . We verified that the corresponding protein sequence was identical to that of the FLIM-AKAR sequence deposited at Addgene (#63058); however, the nucleotide sequence was slightly different. For tAKARa and tAKAR4a, the microtubule-binding domain of MAP2c (Zhong et al., 2009 ) was fused to the C terminus of FLIM-AKAR and AKAR4, respectively, with a peptide linker of SGVYKGT. tAKARb was constructed by adding the nuclear export signal (NES) from protein kinase inhibitor peptide (PKI; with the sequence being MLQNELALKLAGLDINKTG) (Xu et al., 2012) to the N terminus of AKAR5.1 with a four-residue linker (PVAT). tAKARg was generated by fusing the membrane-targeting farnesylation sequence from KRas (GKKKKKKSKTKCVIM) (Hancock et al., 1989 ) with a three-residue linker (GEF) to the C terminus of FLIM-AKAR. The lifeact peptide sequence (MGVADLIKKFESISKEE) (Riedl et al., 2008) and rat PSD-95 were fused to the N terminus of FLIM-AKAR to yield tAKARd and tAKARz with the linker sequences of GDPPVAT and VPRARDPPVAT, respectively. Human b-actin was fused to the C terminus of FLIM-AKAR with the linker SGLRSRA to yield tAKARε.
Virus Preparation
To generate AAV particles for expressing tAKARa, the tAKARa cDNA preceded by the Kozak sequence was cloned into a recombinant AAV vector containing the human synapsin promoter (Borghuis et al., 2011) , a woodchuck post-transcriptional regulatory element (WPRE), an SV40 polyadenylation sequence, and two inverted terminal repeats. Viruses (rAAV 2/1, rep/cap) were assembled using a helper-free system (Stratagene) and purified on sequential cesium gradients according to published methods (Grieger et al., 2006) . Titers were measured using a payload-independent qPCR technique (Aurnhammer et al., 2012) . Typical titers were >10 10 genomes/microliter. Plasmids for making virus will be deposited to Addgene, and viral aliquots will be provided upon request.
Electrophysiology
Whole-cell voltage-clamp recordings were performed at room temperature using an Axopatch 200B amplifier (Molecular Devices). Electrophysiological signals were filtered at 2 kHz, and digitized and acquired at 20 kHz with custom software written in MATLAB. Slices were perfused with gassed ACSF containing 4 mM CaCl 2 and 4 mM MgCl 2 . For the sAHP experiments described in Figures  3E and 3F , 10 mM NBQX was added to suppress recurring activities in culture slices. The internal solution contained (in mM) 140 KMeSO 4 , 10 KCl, 10 HEPES, 10 Tris-phosphocreatine, 2 Mg-ATP, and 0.4 Na-GTP with an osmolarity adjusted to 300 mOsmol/kg. The junction potential (ca. À11 mV) was not corrected. Small currents (%50 pA) were injected constantly to hold neurons at a resting potential of À55 ± 1 mV under the current-clamp mode. sAHP was elicited by injecting ten 2-ms square pulses of 1.5 nA currents at 40 Hz, and was measured as the baseline-subtracted potential averaged between 1 -2 s after the onset of stimulation. The serial resistance was carefully maintained to be 30 -60 MU to reduce washout of the cell by moving the recording pipet slightly backward, and by adjusting the pressure to the pipet. Under this condition, sAHP recording is stable for over 30 min or longer (Figure S5A ). For Figures 3J and 3K , amphotericin B-based perforated patch recording was employed. This was carried out by diluting amphotericin B to 0.25 mg/mL from a fresh 25 mg/mL stock solution in DMSO in the whole cell recording internal solution. After forming Giga-seal under voltage clamp, it typically took 15 -30 min for the access resistance to decrease below 60 MU. The cell was recorded under the current-clamp mode while being held at À55 mV. For these experiments, 1 mM tetrodotoxin (TTX) was used instead of NBQX. sAHP was elicited in 4 mM CaCl 2 and 1 mM MgCl 2 by injecting twenty 4-ms square pulses of 1.5 nA currents at 60 Hz, and was measured as the baseline-subtracted potential averaged between 1.5 -1.6 s after the onset of stimulation. For Figure S4E , the cells were held at À70 mV under voltage clamp and sAHP currents were elicited by a voltage jump to 20 mV for 500 ms and then back to À50 mV for 14 s. sAHP currents were measured at 1.6 -1.7 s after the offset of stimulation.
Norepinephrine Iontophoresis
A glass electrode pipette filled with 6 mL of a 1 M norepinephrine solution was placed close to a tAKARa-expressing dendrite located near the slice surface. A À10 nA holding current was applied to prevent uncontrolled norepinephrine leakage. FLIM images of the dendrite at a single z plane were acquired every 10 s. After at least 6 min of baseline imaging, norepinephrine was released by injecting a single 10 s 150 nA current pulse controlled by Axopatch-2D using custom software written in MATLAB.
Intrinsic Imaging
Approximately two weeks after the glass window was implanted, intrinsic signals were measured from the cortical surface of lightly anesthetized mice while stimulating their whiskers as described previously (Masino et al., 1993) . Anesthesia was achieved using chlorprothixene hydrochloride (0.4 mg/kg, administered intramuscularly) and a low level of isoflurane (0.5% -1%). Intrinsic signals were acquired through a custom-built video acquisition system. A 12-bit CCD camera (QImaging Retiga-2000) was focused onto the surface of the cortex via a zoom lens (Thorlabs #MVL6X12Z). The cortex was illuminated with light generated by a red (627 nm) LED (Luxeon Star LEDs, # LXM2-PD01-0050). Whiskers were stimulated with a piezo actuator (Piezo Systems #PSI-5A4E) coupled to a large vinyl surface that could stimulate the majority of the mouse's whiskers. Video frames were recorded at a frame rate of 1 Hz with 16 frames for baseline and 4 frames for whisker-stimulated conditions. This protocol was repeated 30 times. The baseline and stimulated images were then averaged, respectively, and subtracted to yield the final intrinsic imaging image.
Two-photon and 2pFLIM Imaging Two-photon imaging setups were custom-built and controlled by the ScanImage software (Pologruto et al., 2003) . In particular, the in vivo two-photon microscope was built based on the open-access design of the Modular In vivo Multiphoton Microscopy System (MIMMS) from Howard Hughes Medical Institute Janelia Research Campus (https://www.janelia.org/open-science/mimms). We used 960 nm light to excite the donor fluorophore (monomeric EGFP). The fluorescence emission from EGFP and other fluorophores, such as mCherry, at different wavelengths were unmixed using a dichroic mirror (Chroma 565DCXR) and band-pass filters (Chroma ET500/40 m barrier filter for green and Semrock FF01-630/92 for red). Fluorescence lifetime imaging was carried out in the time domain by integrating four additional hardware components onto the two-photon setup. Specifically, lifetime measurements were achieved by comparing the arrival of the laser pulses, as detected by a photodiode (Thorlabs FDS010), to the arrival of donor-emitted photons, as detected by a fast, cooled photomultiplier tube (Hamamatsu H7422PA-40 or H10769PA-40), using a TCSPC-730 or SPC-150 (Becker and Hickl) time-correlated single photon counting board, as described previously . A Becker and Hickl frequency-to-analog converter (HPM-CON-02) was used to split the signal into one output with unaltered waveform for lifetime measurements and another slower output ($1 -2 ms) for simultaneous conventional two-photon imaging. Further details of the setup will be provided upon request. Data acquisitions were controlled by custom software (called FLIMimage) in MATLAB kindly provided by Dr. Ryohei Yasuda with modification. Slice imaging was carried out at room temperature in gassed ACSF containing 4 mM CaCl 2 and 4 mM MgCl 2 for cultures, and 2 mM CaCl 2 and 1 mM MgCl 2 for acute slices. Optogenetic photostimulation of dopaminergic axons in the striatum was delivered using a custom-built 470nm LED illumination through the 60x imaging objective. PMTs were manually shut down for $10 s during the delivery of the photostimulation (5 trains at 1Hz, with each train containing five 1.5 ms light pulses at 20 Hz).
Enforced Locomotion on a Treadmill
A motorized spherical treadmill (20 cm diameter) was used to control the locomotion of head-fixed mice under the 2pFLIM microscope, as shown in Video S3. During running sessions, the movement speed was approximately 20 cm/s and was kept stable throughout each trial ($25 min). The indicated drugs were administered via intraperitoneal injection 10 min after the offset of a first, control trial. The test trial started approximately 15 min after drug administration.
Image Analysis
Data analyses were performed using custom software written in MATLAB. In particular for 2pFLIM analysis, we developed a software suite called FLIMview written in MATLAB. The software will be distributed freely upon request. Where appropriate, regions of interest were drawn to minimize the potential contamination of background photons. In all analyses, the mean photon emission time t was reported as an approximation of the fluorescence lifetime (Harvey et al., 2008) :
where t is the emission time of individual photons in the measurement window and t 0 reflects the timing of laser pulses. t 0 is measured separately under ideal imaging conditions and is a fixed property of a given hardware configuration. Because the measurement window (t w ) is finite (%10 ns passing t 0 due to laser pulse repetition and single photon counting hardware properties), the measured t (t apparent ) is in fact slightly smaller than the real value:
For a typical t of 2.0 ns and a measurement window of 9 ns, the measured t is 1.90, or 95% of the real value.
Use of Dlifetime/lifetime Approximating the fluorescence lifetime decay as a single exponential, the error in determining t (dt) is related to the number of collected photons (N) by :
For a given signal Dt, and a desired signal-to-noise ratio (SNR), dt has to be equal to or smaller than Dt/SNR, and the minimum number of photon required is:
Therefore, Dt/t determines the minimal number of photons for a given SNR. Every two-fold increase in Dt/t will reduce the demand for photons by four-fold.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical tests were performed using custom software written in MATLAB. Averaged data are presented as mean ± SEM, unless noted otherwise. Throughout the paper, ''n'' indicates the number of neurons, unless noted otherwise. In slice experiments, most (>90%) of the neurons came from different slices. p values were obtained from one-way ANOVA tests, unless noted otherwise. In all figures, *p % 0.05, **p % 0.01, and ***p % 0.001. Throughout the figures, responses are presented in reversed axes because a decrease in lifetime indicates increased PKA activity.
DATA AND SOFTWARE AVAILABILITY
We have developed a software suite called FLIMview written in MATLAB for 2pFLIM data analysis. This software will be made available without cost upon reasonable request to the Lead Contact.
